The aim of the present study was to characterize the heart rate dynamics of sinus bradycardia (SB) from sinus node dysfunction (SND) using non-linear dynamical system analysis. No data are yet available on how the dynamics change in the presence of SND.
inus node dysfunction (SND), also referred to as "sick sinus syndrome", is a common cause of cardiac syncope. 1 Sinus bradycardia (SB) is not only an incidental finding in otherwise healthy individuals, particularly in young adults, but also an electrocardiographic manifestation of SND. 2-5 Differentiation of so-called pathologic SB (due to intrinsic SND), from normal SB, is important in the diagnosis and management of SND.
Heart rate variability (HRV) analysis, through classical linear methods, either in the time or the frequency domain, provides quantitative and non-invasive measures of the activity of the autonomic nervous system. 6,7 Information carried by the heart rate signal, however, may not be totally explained by this linear approach. 8- 13 Non-linear dynamical system analysis based on the theories of fractal scaling and complexity have gained interest, because they may reveal information hidden in the regulatory system that cannot be detected using conventional methods. [14] [15] [16] [17] [18] [19] [20] Pathological states and aging are associated with distinctive alterations in these scaling properties, which could be of practical diagnostic and prognostic use. To date, the short-term scaling exponent (DFAα1) of detrended fluctuation analysis (DFA) has demonstrated greater clinical discrimination of various cardiac diseases.
Most previous studies regarding heart rate dynamics and its interpretations were carried out in the presence of intact sinus node activity. We assumed that, if a dysfunctional sinus node does not respond appropriately to neuroautonomic input, then alteration or breakdown of the fractal scaling and complexity of heart rate dynamics would ensue. Little information exists concerning the non-linear behavior of sinus node pacemaker activity in SND. The purpose of the present study was to characterize the heart rate dynamics of SB in SND and to test
Patients
One hundred and ten patients were enrolled: 44 patients (28 men; mean age, 65±12 years) with SND and another 44 patients (22 men; mean age, 66±7 years) with SB incidentally detected on health screening included as age-matched controls. All patients with SND had symptoms, which included syncope, dizzy spells and/or exertional dyspnea and coincident bradyarrhythmic episodes documented on 24-h ambulatory electrocardiography (ECG). Evaluation of sinus node function was performed using a quadripolar diagnostic catheter (Supreme TM , St Jude Medical, MN, USA) inserted through the right femoral vein. Sinus node recovery time (SNRT) was measured using overdrive right atrial pacing (500 ms) to confirm the presence of SND. The corrected SNRT (CSNRT) was obtained by subtracting the sinus cycle length from the SNRT. A CSNRT >525 ms was used as an indication of SND. 21 Pacemakers were implanted in all patients in the SND group, as indicated by the guidelines. 22 For investigation of age-associated changes of heart rate dynamics, we adopted a second control group composed of 22 young volunteers with asymptomatic SB (13 men; mean age, 29±11 years). None of the patients received treatment with negative chronotropic drugs, which can suppress sinus node function. All medications were discontinued for at least 5 half-lives before recordings. Patients who had systemic diseases that might have affected HRV and electrical conduction disorders were excluded. The study protocol was reviewed and approved by the institutional review board and written informed consent was obtained from all of the patients.
Ambulatory ECG Recording and Data Processing
All subjects underwent 24-h ambulatory ECG recording using a 3-channel digital recorder (125-Hz sampling, SeerMC ® , Marquette Electronics, USA). Data were processed using a Marquette MARS 8000 system (MARS software version 4.0, USA). Patients were educated in retention of usual sedentary activities during recording. Ambulatory ECG data were transferred to the computer and each beat was evaluated by the investigators and labeled with respect to its site of origin using template-matching techniques. A sinus origin was identified based on the P-wave morphology and axis on 3 ambulatory ECG leads. An episode of 60-min RR interval data with sinus P-wave morphology and mean RR interval >1,000 ms was selected from each 24-h ambulatory ECG. Activity and time-matched 60-min data were selected from the control group for comparison.
Analysis of Heart Rate Dynamics Time and Frequency Domain HRV Analysis
We calculated the mean, standard deviation (SDNN), and root mean square of the differences (RMSSD) of successive sinus RR intervals. The pNN50, which is the percentage of consecutive RR intervals with absolute differences >50 ms, was also determined. For the frequency domain, spectral analysis was performed using a fast Fourier transform algorithm. Low-frequency (LF: 0.04-0.15 Hz) power, high-frequency (HF: 0.15-0.40 Hz) power and normalized power were determined using natural logarithmic transformation. 6 DFA The DFA method was used for quantification of the fractal-like scaling properties of the RR interval data. This technique is a modification of root mean square (RMS) analysis of random walks applied to non-stationary data. 8 RMS fluctuation of an integrated and detrended time series is measured at different observation windows and plotted against the size of the observation window on a log -log scale. Using this method, a fractal-like signal results in a scaling exponent value of 1 (α= 1.0). White Gaussian noise (totally random signal) results in a α of 0.5, and a Brownian noise signal with a spectrum of rapidly decreasing power in the higher frequencies results in an exponent value of 1.5. 8 In the present study, heart period correlations were defined separately for short-term (≤11 beats, α1) and intermediate-term (>11 beats, α2) fluctuations in the RR interval data.
Approximate Entropy (ApEn) and Sample Entropy (SampEn) ApEn is a quantification of the regularity of the time series. It measures the logarithmic likelihood for which runs of patterns that are close to each other will remain close in the next incremental comparisons. A greater likelihood of remaining close (ie, high regularity) produces smaller ApEn, and, conversely, random data produce higher values. 11 The ApEn algorithm has been published elsewhere. 11,12 For calculation of ApEn, 2 input variables, m and r, must be fixed. The r defines the criterion of similarity, which has been set at 20% of the standard deviation of all RR intervals. The criterion for similarity, r, was chosen such that it was larger than most of the noise but, at the same time, not so large that detailed information on the system dynamics would be lost. In the present study, m=2 and r=20% of standard deviation of the data sets were chosen as suitable values. 13 A recently proposed SampEn that properly deals with a bias induced from finite data length and self-matches in calculation of ApEn was also used for quantification of the complex- ity of a short heart rate time series. 13 A lower ApEn or SampEn reflects a higher degree of regularity and predictability.
Statistical Analysis
Data are expressed as mean ± SD. The non-parametric Mann -Whitney U-test was used for comparison of differences between the 2 groups when continuous variables were not normally distributed. Categorical variables were compared using the chi-square test. Binary logistic regression analysis was used for determination of the impact or relative importance 
Results
The clinical characteristics of the study patients are listed in Table 1 . The mean age of patients with SND and that of agematched controls was 66±7 years and 65±12 years, respectively. The mean age of the young control group with SB was 29±11 years. There was no significant difference in the dis-tribution of gender, comorbid conditions, or left ventricular function between the groups.
Effect of Aging on Heart Rate Dynamics
Differences in heart rate dynamics of SB between the groups are given in 
Effect of SND on Heart Rate Dynamics
No significant difference of mean RR interval was observed between patients with SND and age-matched controls. For the time domain analysis, the RMSSD and pNN50 of patients with SND were greater than in age-matched controls (47±33 ms vs. 30±14 ms, P=0.007; 18±21% vs. 7±11%, P=0.023, respectively). For the frequency domain analysis, the HF power and its normalized power (lnHF) tended to be greater in patients with SND than in age-matched controls (544±844 ms 2 vs. 220± 284 ms 2 , 5.44±1.36 vs. 4.88±0.98, respectively, P=0.059 for both). The DFAα1 of SND was less than that of age-matched control patients (1.006±0.311 vs. 1.129±0.216, P=0.033). The DFAα2 was also significantly decreased (from 1.114±0.100 for the age-matched controls to 1.010±0.152 in SND patients, P=0.001; Figure 1 ). The complexity measures, ApEn and SampEn, did not differ between the 2 groups (Table 2, Figure 2) .
Comparison of heart rate dynamics between patients with SND and overall control patients is given in Table 3 . The DFAα2 of SND was less than that of the overall control patients (1.010±0.152 vs. 1.089±0.102, P=0.005). The DFAα2 was the only parameter that was able to discriminate differences in heart rate dynamics between the 2 groups. On logistic regression analysis, the pNN50, LF power, and DFAα2 made a significant contribution to prediction of the dysfunctional status of the sinus node ( Table 4 ). Among them, the DFAα2 was the most significant variable for prediction of SND (odds ratio [OR], 0.927; 95% confidence interval [CI]: 0.888-0.969, P=0.001). The DFAα2 remained as a significant variable for prediction of SND, when compared with the overall control patients, combining the 2 control groups (OR, 0.939; 95%CI: 0.901-0.977, P=0.002).
Discussion
The major finding of the present study is that alteration (reduction) of the intermediate-term fractal scaling exponent (DFAα2) is a consistent and robust parameter for screening of pathologic SB due to intrinsic SND in which pacemaker therapy is needed.
Both conventional time and frequency domain HRV, as well as non-linear measures, are sensitive to aging. 9,10,14,15 Previous studies have reported change of fractal scaling behavior with aging. Both the short-and the intermediate-term scaling exponents (DFAα1 and DFAα2) increased with aging. 14, 15 The present results are in agreement with these previous studies. Both DFAα1 and DFAα2 of the age-matched controls (older controls) in the present study were greater than those of the young controls, despite the same mean RR interval of SB. SND patients, however, had paradoxically reduced fractal scaling exponents, compared with age-matched control patients, which is not appropriate to their age.
HRV is lower in the elderly, compared with middle-aged or young healthy subjects. 15,23 All time and frequency domain HRV parameters in the present study decreased with aging, but this age-to-HRV correlation is disturbed with development of SND. The RMSSD and pNN50 are known to reflect alterations in autonomic tone that are predominantly vagally mediated. The increase of RMSSD and pNN50 in patients with SND, compared with those of the age-matched control, might be due to an erratic irregular heart rate, rather than an actual increase of vagal activity in SND. Heart rate behavior would be erratic if the sinus node, as a receptive end-organ of the neuroautonomic regulatory system, decoupled from the system. 24 Likewise, the increase of HF power, also a measure of vagal activity, in the patient with SND should be interpreted in the same way. Bergfeldt et al found elevated HRV in patients with advanced sick sinus syndrome, 3 and suggested that HRV could be used as a diagnostic or screening measure for SND. 4 This means that the heart rate-to-HRV correlation is affected by SND, 2 and a higher HRV is not always a better HRV, which is sometimes associated with a higher risk of mortality. 25 Thus, the present results also indicate that abnormally higher HRV, compared with age-matched reference values, might suggest the presence of SND.
The DFA offers clinicians a means for investigation of fractal correlations for heartbeat fluctuations and for understanding neuroautonomic regulation of heartbeat fluctuations. Pathological states and aging are associated with distinctive alterations in these scaling properties, which could be of practical diagnostic and prognostic use. To date, the short-term scaling exponent (DFAα1) has demonstrated greater clinical discrimination of various cardiac diseases. A reduced DFAα1 is a powerful predictor of mortality in post-infarction patients, 16 and is associated with vulnerability to malignant ventricular arrhythmias, 17 and prediction of arrhythmic or non-arrhythmic cardiac death. 16 Patients with heart failure show loss of fractal organization in heart rate dynamics, 8 and a reduced DFAα1 has been associated with mortality in patients with heart failure. 18 In addition, a reduced DFAα1 has been suggested as a specific risk factor for cardiac death in the elderly. 19 The role of DFAα2 as a predictor, however, is not certain. Contradictory to the findings of Mäkikallio et al, 19 Hotta et al showed that the intermediate-term fractal-like scaling exponent of RR intervals rather than the short-term fractal component had predictive value for all-cause mortality in elderly communitydwelling people. 26 The present results are in partial agreement with the findings of Hotta et al in that alteration of DFAα2, irrespective of underlying causes, is a more powerful measure for predicting cardiac morbidity and mortality.
The regression slope (β) derived from the power law relationship of HRV spectral power is another measure of fractal correlation properties of heartbeat fluctuation. The slope is computed over the ultra-low and very-LF oscillations (10 -4 -10 -2 Hz) in HRV signal in 24 h of data recording. This represents the long-term fractal scaling of RR interval variability, and has proved to be a strong predictor of death from any cause or arrhythmic death in previous studies. Only recordings with >12 h of RR interval data are used for this analysis. 27, 28 We could not acquire long (>1 h) sinus RR interval data, however, due to contaminations of sinus pauses and appearance of escape beats. For this reason, we did not analyze the power law slope.
HRV analysis and its interpretation with regard to physiological background are valid in the presence of intact sinus node activity. Previous studies have explored the physiological correlates of the DFA scaling exponent, although the meaning remains difficult to determine. 23,29 Based on findings from previous studies, as well as on those of the present study, we 
Study Limitations
New fractal and complexity-related measures of HRV are known to be reliably analyzed only from relatively long recording periods (several hours). 30 Due to episodic appearance of non-sinus rhythm during recording, we were not able to acquire a longer set of RR interval data. Although we admit that a longer recording period might have improved the study results, we found that a recording period of only 1 h was sufficient to derive information on the status of the sinus node and is more acceptable for the patient's convenience in the aspect of data acquisition. We tested only the dynamics of SB. We do not know whether this result can be extrapolated to non-bradycardiac sinus rhythm. Testing of sinus node function after pharmacological autonomic blockade is important in sick sinus syndrome for determination of whether SND is related to intrinsic involvement or to autonomic influences. 22 We did not test sinus node function after autonomic blockade. This might undermine the diagnostic power of the DFAα2.
Conclusion
Alteration of DFAα2, the intermediate-term fractal scaling exponent, is the most robust measure for detection of SND. Therefore, DFAα2 could be an important adjunctive measure for improvement of diagnostic performance in management of SND. This finding will require validation in a large prospective cohort study.
